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Abstract:  Carbon  Fiber  Reinforeed  Polymer  eomposites  (CFRP  eomposites)  have  widely  used  to 
aerospaee  eomponents.  It  is  quite  diffieult  to  deteet  delamination  eraeks  visually  for  the  CFRP 
eomposites,  and  the  delamination  eauses  degradation  of  eompression  strength.  The  bearing  damage 
around  the  fastener  holes  is  also  quite  diffieult  to  deteet  visually.  To  deteet  these  types  of  damage  of 
the  CFRP  eomposites,  self-sensing  TDR  is  proposed  by  Todoroki  using  a  parallel-plate  method. 
Miero-strip  line  (MSL)  method  was  also  proposed  in  the  previous  researeh.  The  MSL  method, 
however,  deteets  only  near  the  MSL.  In  the  present  study,  therefore,  the  MSL  method  is  improved  to 
eover  wider  area  of  a  CFRP  strueture  using  eurved  MSL  method  in  the  first  year  (Todoroki  A,  et  al.. 
Self-sensing  Curved  Miero-Strip  Line  Method  for  Damage  Deteetion  of  CFRP  eomposites.  Open  J.  of 
Composite  Materials,  4;3,  2014,  131-139).  The  self-sensing  MSL  is  applied  to  deteet  impaet  damage 
of  a  CFRP  plate  in  the  seeond  year  (Todoroki  A,  et  al.,  Impaet  damage  deteetion  of  a 
earbon-fibre-reinforeed-polymer  plate  employing  self-sensing  time-domain  refleetometry.  Composite 
Struetures,  130,  2015,  174-179).  The  researeh  results  shows  that  the  impaet  damages  sueh  as  fiber 
delamination  and  fiber  miero-buekling  was  sueeessfully  deteeted.  The  self-sensing  TDR  method  using 
MSL  is  applied  to  deteet  damage  around  fastener  holes.  Bearing  failure  of  the  fastener  hole  was 
deteeted  in  the  last  year.  As  the  metallie  fasters  affeet  the  transmission  line  of  MSL,  the  appropriate 
distanee  from  the  metallie  fasteners  and  MSL  was  obtained  using  the  finite  differenee  time  domain 
simulation  method.  The  newly  deeided  MSL  is  applied  to  deteet  bearing  failure  around  the  fastener 
hole.  The  method  sueeessfully  deteeted  the  bearing  failure.  The  series  of  the  researehes  of  the 
self-sensing  TDR  using  MSL  enables  us  to  deteet  damage  of  large  struetures  with  small  eost.  The 
self-sensing  TDR  only  requires  a  transmission  line  made  from  two  eleetrie  eonduetive  struetures  and  a 
sandwiehed  insulator  material.  The  self-sensing  TDR  with  MSL  is  not  limited  to  CFRP  struetures  but 
ean  be  applied  aluminum  and  steel  struetures.  The  newly  developed  self-sensing  TDR  ean  be  applied 
eonventional  aluminum  airerafts,  steel  ships  and  steel  bridges  to  deteet  fatigue  eraeks  at  low  eost. 


Introduction:  Carbon  Fiber  Reinforeed  Polymer  (CFRP)  eomposites  are  widely  applied  to 

aerospaee  eomponents  beeause  the  materials  have  high  speeifie  strength  and  high  speeifie  stiffness. 
Low  veloeity  impaet  sueh  as  tool  drop  may  eause  invisible  delamination  eraeking  for  the  CFRP 
struetures.  The  delamination  eraeking  may  eause  degradation  of  eompression  strength.  Thus,  it  is  very 
important  to  deteet  the  delamination  eraeking  eaused  by  impaet  load  to  improve  the  reliability  of  the 
eomposite  struetures.  One  of  the  non-destruetive  inspeetion  methods  is  self-sensing  teehnology  that 
uses  earbon  fibres  as  sensors  [1]-[11].  The  self-sensing  teehnology  applies  eleetrie  eurrent  to  the 
eomposite  struetures  and  measures  the  eleetrieal  resistanee  ehange  to  deteet  the  damages.  Although 
the  self- sensing  teehnique  deteets  preeisely  damage,  the  teehnique  requires  mounting  a  lot  of 
eleetrodes  on  the  CFRP  surfaee.  This  demands  a  new  method  that  deteets  wide  area  with  small 
number  of  eleetrodes. 

For  many  CFRP  struetures,  metallie  fasteners  are  usually  adopted  to  joint  many  eomponents.  For  the 
fasteners  used  in  the  internal  struetures  sueh  as  a  wing  box,  the  damage  of  CFRP  struetures  around  the 
fastener  holes  is  also  quite  diffieult  to  find  visually.  A  simple  method  to  find  the  damage  around  the 
fastener  holes  is,  therefore,  required  for  the  aetual  CFRP  struetures.  The  aetual  damage  around  the 
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fastener  holes  is  reported  to  be  bearing  failure  mode  in  the  review  paper  of  Thoppul  et  al  [12].  The 
methods  to  monitor  the  bearing  failure  damage  around  the  fastener  holes  have  been  published  in 
several  papers.  Galea  et  al  [13].  have  proposed  a  method  using  piezo  film.  Ihn  and  Chang  have  used 
SMART  Layer  that  uses  thin  film  with  distributed  piezoeleetrie  sensors  [14]. 

Several  researehes  used  Time  Domain  Refleetometry  (TDR)  for  damage  deteetion  [15]-[17].  Authors 
have  developed  a  self-sensing  TDR  for  deteetion  of  fibre  breakages  using  a  parallel  plate  [18]  and 
using  a  Miero-Strip  Line  (MSL)  [19].  The  newly  developed  method  adopts  nanoseeond  order  pulse 
signal,  and  refleeted  pulse  signal  from  the  fibre  breakage  ean  be  deteeted.  The  method  uses  earbon 
fibers  as  one  of  struetures  of  transmission  line.  The  method  is  simulated  using  Finite  Differenee  Time 
Domain  (FDTD)  analysis  method  [20].  In  these  previous  papers,  the  deteeted  damage  is  fibre 
breakage  and  unidireetional  CFRP  ply  is  adopted. 

In  the  present  projeet,  CFRP  laminated  plates  are  adopted  as  a  target  strueture  for  applieation  of 
self-sensing  TDR.  The  previous  researehes  [18-20]  showed  that  the  self-sensing  TDR  is  applieable  for 
deteeting  fiber  breakages.  The  parallel  plate  method  is,  however,  eumbersome  for  the  aetual  usage. 
The  MSL  method  is  appropriate  for  the  praetieal  use.  The  MSL,  however,  ean  deteet  damages  loeates 
adjaeent  to  the  narrow  strip  line.  In  the  present  projeet,  the  first  objeetive  is  to  develop  a  new 
self-sensing  method  to  eover  wider  area.  Curved  MSL  method  is  developed  for  the  self-sensing  TDR. 
The  seeond  objeetive  is  to  deteet  aetual  impaet  damage  ineluding  delamination  eraeking.  Cross-ply 
laminated  plates  are  adopted  for  experiments.  The  third  objeetive  of  the  present  projeet  is  to  deteet 
bearing  failure  of  metallie  fastener  holes.  To  deteet  the  bearing  failure,  the  metal  fasteners  affeet  the 
transmission  line  of  the  TDR.  To  investigate  the  effeet  of  the  metallie  fasteners  is  investigated  using  a 
eomputer  simulation  method  (Finite  Differenee  Time  Domain:  FDTD)  method.  After  obtaining  the 
appropriate  MSL  for  bearing  failure  deteetion,  experimental  researehes  are  also  performed. 


Self-sensing  TDR: 

The  TDR  method  uses  a  pulse  signal  in  a  transmission  line.  The  transmission  line  eomprises  of  two 
parallel  eonduetive  eomponents  and  insulator  that  is  sandwiehed  between  the  two  eonduetive 
eomponents.  In  the  ease  of  Fig.  1,  the  miero-strip  line  (MSL)  is  the  transmission  line  and  the  MSL  is 
made  from  eopper  foil  and  CFRP  that  are  eleetrie  eonduetive  materials  and  eleetrie  insulator  Glass 
Fibre  Reinforeed  Polymer  (GFRP).  In  the  high  frequeney  alternating  eurrent  sueh  as  radio  frequeney 
or  higher,  the  eleetrie  energy  emits  from  the  eonduetive  material  to  insulator  or  air.  The  emitted 
energy  is  absorbed  in  the  other  eonduetive  material.  This  proeess  makes  a  transmission  line.  Therefore, 
the  transmission  line  requires  two  eleetrieally  separated  eonduetive  eomponents.  The  sandwiehed 
insulator  aets  to  separate  the  two  eonduetive  eomponents  eleetrieally. 


Waveform  Oscilloscope 


Figure  1  Sehematie  representation  of  self-sensing  TDR  method 

The  input  eleetro-magnetie  wave  ean  propagate  in  the  insulator  between  the  two  eleetrie  eonduetive 
materials:  eopper  foil  and  CFRP.  In  the  previous  paper,  we  used  a  parallel  plate  transmission  line  [18]. 
In  the  ease  of  the  parallel-plate  transmission  line,  the  air  gap  between  the  parallel  plates  plays  a  role  of 
insulator,  and  the  CFRP  plate  and  the  aluminum  plate  play  a  role  of  eonduetor. 

The  pulse  signal  is  input  in  the  transmission  line  when  the  impedanee  of  the  transmission  line  is 
almost  equal  to  that  of  the  normal  eoaxial  eable  (50  Q)  whieh  is  usually  used  for  measurements.  When 
the  eharaeteristie  impedanee  of  the  transmission  line  is  different  from  that  of  the  eoaxial  eable,  the 
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pulse  signal  is  reflected  at  the  input  terminal  of  the  transmission  line. 

The  pulse  signal  input  in  the  transmission  line  propagates  in  the  transmission  line.  When  the 
transmission  line  has  different  characteristic  impedance,  which  comes  from  carbon  fibre  damage  or 
change  of  distance  between  the  two  conductive  materials  because  of  such  as  debonding  of  the 
insulator  or  dent,  the  input  signal  is  reflected  at  the  place.  The  pulse  signal  reflected  from  the 
transmission  line  is  measured  and  the  result  is  plotted  with  the  abscissa  representing  time  and  the 
ordinate  representing  the  voltage. 


The  TDR  method  requires  a  wave  generator,  an  oscilloscope,  and  a  target  transmission  line,  as 
shown  in  Fig.  1 .  Figure  1  shows  a  MSL  type  transmission  line  made  on  the  CFRP  plate.  The  wave 
generator  produces  a  pulse  wave  signal,  which  is  sent  to  a  directional  coupler.  The  signal  propagates 
only  in  the  MSL  type  target  transmission  line  because  of  the  directional  coupler.  Part  of  the  signal  is 
reflected  at  the  input  end  of  the  MSL  type  transmission  line  because  of  the  slight  difference  in  the 
characteristic  impedance.  The  other  part  propagates  in  the  MSL  type  transmission  line.  The  signal 
input  to  the  MSL  type  transmission  line  is  divided  into  reflection  and  transmission  components  at  the 
damaged  point.  The  reflected  signal  returns  and  is  measured  using  an  oscilloscope.  The  time 
difference  between  the  input  signal  and  reflected  signal  indicates  the  distance  to  the  damaged  point 
after  multiplication  by  the  speed.  Using  the  TDR  method,  the  damage  and  its  location  can  be 
measured.  The  distance  L  from  the  input  end  to  the  damage  is  calculated  as  [21] 


L  = 


Vp^T 

2 


,  (1) 


where  Up  is  the  transmission  velocity  and  AT  denotes  the  time  difference  between  the  input  signal  and 
reflected  signal.  The  transmission  velocity  Up,  which  is  affected  by  the  transmission  line,  is 
approximately  0. 6-0.9  times  the  velocity  of  light.  To  measure  the  Up,  the  time  difference  AT  of  the 
reflected  signal  between  the  input  terminal  and  the  end  terminal  is  measured,  and  the  transmission  line 
length  is  set  to  L  in  the  equation  (1).  Solving  the  equation  (1)  with  respect  to  Up  gives  the  transmission 
velocity. 


Analytical  method: 

In  the  present  study,  FDTD  analysis  is  adopted  to  investigate  the  effect  of  distance  between  the 
electric-conductive  fastener  and  the  transmission  line.  The  FDTD  analysis  solves  the  well-known 
Maxwell’s  equations  numerically.  As  the  TDR  method  uses  a  transmission  line  of  electro-magnetic 
waves,  solving  the  Maxwell’s  equations  numerically  gives  simulated  results  of  self-sensing  TDR 
method.  CFRP  can  be  treated  as  electric  conductive  material  with  orthotropic  conductivity  [18].  The 
computational  method  has  already  shown  in  the  paper  [20].  The  difference  is  the  boundary  condition. 
In  the  present  study,  the  absorbing  boundary  condition  proposed  by  Mur  [22]  is  used  to  reduce  the 
computational  cost  at  the  sacrifice  of  stability  in  long  time.  The  computational  reliability  is  confirmed 
with  comparison  between  the  previous  results  and  the  new  results  using  Mur’s  absorbing  boundary 
condition. 


The  unit  cell  dimensions  for  the  FDTD  analysis  is  (Ax,  Ay,  Az)  =  (1  mm,  1  mm,  0.2  mm).  Time  step 
for  the  FDTD  analysis  should  satisfy  the  Courant’s  stability  condition  as  follow. 


< 


1 


(2) 


where  c  is  the  speed  of  light.  To  satisfy  the  Courant’  stability  condition,  the  time  step  is  set  to  A^O.5 
ps  in  the  present  study.  The  specific  magnetic  permeability  of  the  entire  region  is  set  to  pr^LO.  The 
specific  dielectric  constant  of  air  is  8i-=1.0,  and  the  specific  dielectric  constant  of  GFRP  is  set  to  8i-=4.0. 
The  conductivity  of  copper  is  5.96x107  S/m,  and  the  conductivity  of  CFRP  measured  by  Hirano  et  al 
[23]  is  used  in  the  present  study.  A  pulse  signal  is  input  from  the  left  terminal.  Figure  2  shows  the 
input  Gaussian  pulse  signal  for  the  FDTD  analysis. 
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Time  [ns] 


Figure  2  Input  signal  used  for  FDTD  analysis 


Experimental  method: 

Self-sensing  TDR 

A  MSL  type  transmission  line  is  used  in  the  present  study  as  shown  in  Figure  1 :  a  narrow  eopper  strip 
tape  and  a  CFRP  laminate  are  used  as  the  two  eonduetive  materials  and  a  GFRP  plate  is  used  as  an 
insulator  between  the  two  eonduetive  materials.  The  eharaeteristie  impedanee  of  the  narrow-strip 
transmission  line  is  obtained  as  shown  by  Wadell  [24]. 
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where  h  is  the  height  of  the  dieleetrie  GFRP,  8i-  is  the  relative  permittivity  of  the  GFRP,  W  is  the  width 
of  the  eopper  strip,  t  is  the  thiekness  of  the  eopper  strip,  Zca  is  the  eharaeteristie  impedanee  when  the 
dieleetrie  material  is  a  vaeuum  and  8w  is  the  effeetive  value  of  relative  permittivity.  Using  equations 
(2),  the  eharaeteristie  impedanee  of  the  narrow-strip  transmission  line  ean  be  designed  to  mateh  the 
impedanee  of  a  eoaxial  eable  of  50  Q.  Without  the  impedanee  matehing,  the  input  pulse  signal  is 
entirely  refleeted  at  the  input  end  of  the  speeimen  transmission  line.  Impedanee  matehing  is  an 
indispensable  proeedure  for  the  self-sensing  TDR  method  to  deteet  damage  in  CFRP  struetures.  As  the 
thiekness  of  GFRP  and  eopper  tape  is  fixed  to  a  small  set,  the  impedanee  matehing  to  the  eoaxial 
eable  of  50  Q  means  the  dimensions  of  the  MSL  are  almost  fixed  to  narrow  bands. 

A  funetion  generator  AFG3251  made  by  Tektronix  Ine.(  leh.  Max  240  MHz)  is  used  to  generate  pulse 
signal.  The  amplitude  is  5  V  and  the  half-band  wise  is  almost  4  ns.  Although  the  amplitude  of  the 
generated  pulse  signal  is  5  V,  the  amplitude  of  the  input  signal  is  almost  1  V.  This  is  eaused  by  the 
slight  differenee  of  the  impedanee  between  the  eoaxial  eable  and  the  self-sensing  transmission  line: 
the  impedanee  matehing  is  not  perfeet  for  the  aetual  self-sensing  transmission  line.  A  direetional 
eoupler  of  ZFDC-10-5  (Mini-Cireuit)  is  adopted  to  seleet  pulse  signal  wave  refleeted  from  the 
speeimen.  To  measure  the  refleeted  pulse  signal,  oseilloseope  TDS5034B  (Tektronix,  sampling  0.02 
ns)  is  used.  Copper  mesh  strip  of  0.16  mm  thiekness  (wire  diameter  is  0.08  mm,  equivalent 
eonduetanee  that  is  ealeulated  from  the  volume  fraetion  of  eopper  wire  is  1.5x10^  S/m).  To  input  pulse 
signal  into  the  transmission  line,  the  impedanee  of  the  transmission  line  must  be  matehed  with  eoaxial 
eable  to  prevent  refleetion  of  impedanee  mismateh. 
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Specimen  configuration  of  curved  self-sensing  TDR 

Figure  3  shows  the  speeimen  eonfiguration  used  in  the  eurved  self-sensing  TDR  :  the  length  is  1600 
mm,  the  width  is  200  mm  and  thiekness  is  2.6  mm.  Staeking  sequenee  of  the  CFRP  plate  is 
quasi-isotropie  [0/+45/0/-45/90/+45  /0/-45/90]s.  The  material  used  to  fabrieate  the  CFRP  laminate  is 
Toray  T800S/3900-2B  prepreg  (180°Cx2hrx0.59MPa).  After  fabrieating  the  CFRP  laminate  of  1600 
mm  length,  a  GFRP  laminate  of  1  mm  thiekness  (1590  mm  length  and  200  mm  width)  is  attaehed  on 
the  CFRP  laminate  as  dieleetrie  material  using  epoxy  adhesive.  For  a  transmission  line,  a  eouple  of 
eonduetive  material  is  required.  For  the  another  eonduetive  material,  eopper  tape  of  2  mm  width 
(0.025  mm  thiekness)  is  used  to  make  a  eurved  MSL.  The  impedanee  of  the  MSL  is  49.6  Q.  At  the 
eurved  part  of  the  transmission  line,  eopper  plate  of  the  same  thiekness  is  used  and  eonneeted  with 
soldering.  As  mentioned  before,  the  spaeing  between  the  two  lines  must  be  four  times  larger  than  the 
width  of  the  strip.  In  the  present  study,  therefore,  the  inner  diameter  of  the  eurved  part  is  9  mm. 


Figure  3  Speeimen  eonfiguration  of  eurved  self-sensing  TDR 

To  obtain  the  low  eleetrieal  eontaet  resistanee  at  the  input  terminal  of  the  CFRP  laminate,  an 
eleetrie  eopper  plating  method  is  used.  At  the  input  end  of  the  transmission  line,  the  CFRP  laminate  is 
used  as  eleetrie  ground  and  the  eopper  strip  is  used  as  a  signal  line.  Copper  mesh  strip  of  0.16  mm 
thiekness  (wire  diameter  is  0.08  mm,  equivalent  eonduetanee  that  is  ealeulated  from  the  volume 
fraetion  is  1.5xl07S/m). 

As  damage,  a  meehanieal  hole  is  made  using  a  drill  of  6  mm  diameter  at  the  760  mm  distanee  from 
the  input  end.  The  edge  of  the  hole  is  1  mm  distanee  from  the  eopper  strip  line  edge.  This  is  named 
type  A  damage  in  the  present  study.  After  measurements,  the  drill  hole  was  extended  to  the  edge  of 
the  eopper  strip  using  filing.  This  is  named  type  B  damage.  These  two  types  of  model  damage  are 
experimentally  investigated. 

Specimen  configuration  of  impact  damage  tests 

A  prepreg  IM600/133  (Tohotenux  Co.  Ltd.,  Japan)  was  used,  from  whieh  a  CFRP  plate  was  fabrieated 
with  a  staeking  sequenee  of  [0/90] s.  To  eure  the  long  speeimen,  four  sheets  of  silieon  rubber  heater 
SRH640  (152mmxl016  mm,  Sakaguehi  E.H  VOC  Corp.,  Japan)  are  used.  The  speeimen  was 
sandwiehed  between  aluminum  plates  of  the  same  size.  Glass  fiber  heat  insulating  materials  were  used 
to  keep  the  speeimen  at  180  °C  for  two  hours.  The  speeimen  is  1980-mm-long  CFRP  plate  and 
120-mm  wide  (thiekness  0.6  mm)  as  shown  in  Fig.4.  During  the  eure,  32  vises  are  used  to  apply 
pressure  of  approximately  0.55  MPa  on  the  speeimen.  After  the  euring,  eopper  eleetrode  is  made  on 
the  speeimen  edge  to  apply  eleetrie  pulse  signal  using  eopper  plating  method.  A  BNC  eable  is 
soldered  to  the  eopper  plating  eleetrode. 
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Three  types  of  drop-weight  impaet  load  are  applied  to  the  speeimen.  The  first  one  is  applied  on  the 
strip  line.  The  first  impaet  load  is  applied  on  the  line  at  600  mm  point  from  the  speeimen  edge.  The 
impaet  energy  is  14.1  J  (weight  3.19  kg  x  0.45  m  height).  The  impaetor  is  a  hemisphere  of  diameter  of 
14  mm  made  by  stainless  steel.  As  the  speeimen  is  thin,  a  GFRP  plate  of  2  mm  thiekness  is  attaehed  to 
the  baekside  of  the  CFRP  plate  to  prevent  penetration  of  the  impaetor.  The  impaet  load  is  applied  on 
the  CFRP  surfaee,  and  after  the  impaet  load  the  MSL  is  mounted  to  prevent  fraeture  of  the 
transmission  line  of  the  MSL.  Of  eourse,  when  the  MSL  is  damaged  as  a  transmission  line,  the 
damaged  point  refleets  the  pulse  signal.  In  the  present  study,  to  investigate  the  ability  of  deteetion  of 
the  impaet  damage  using  a  self-sensing  TDR  method,  the  impaet  load  on  the  MSL  line  is  applied 
before  mounting  the  MSL  on  the  CFRP  speeimen. 

The  seeond  and  third  one  are  applied  besides  the  strip  line  but  the  impaet  energy  is  different.  The 
impaet  load  loeation  is  shown  in  Fig.4.  The  impaet  load  is  applied  from  the  5  mm  distant  apart  from 
the  eenter  of  the  MSL.  Two  types  of  impaet  energy  are  applied:  24.5  J  and  34.2  J  as  shown  in  Fig.4. 

Specimen  configuration  of  bearing  failure  of fastener  hole 

Figure  5  shows  the  dimensions  and  eonfiguration  of  the  speeimen.  The  speeimen  is  1750  mm  long, 
200  mm  wide  and  is  2.6  mm  thiek.  The  material  used  to  fabrieate  the  CFRP  laminate  is  Toray 
TSOOS/epoxy  prepreg  (eure  temperature  180°  C).  The  staeking  sequenee  of  the  CFRP  plate  is 
[0/45/0/-45/90/45/0/-45/90]s.  On  the  CFRP  speeimen,  a  GFRP  fabrie  plate  of  1730  mm  long,  200  mm 
wide  and  0.5  mm  thiek  is  attaehed  using  eommereially  available  epoxy  adhesive.  On  the  GFRP  plate, 
eopper  tape  of  5  mm  wide  and  0.025  mm  thiek  is  attaehed  as  shown  in  Figure  5  to  build  two 
miero-strip  lines.  The  triangle  symbols  indieate  the  loeation  of  fasteners  of  6.35  mm  diameter.  The 
spaeing  of  fasteners  is  143.2  mm  in  the  speeimen. 


Figure  5  Speeimen  eonfiguration  of  bearing  failure  of  fastener  hole 

Two  miero-strip  lines  are  made  on  the  speeimen.  The  line  #1  is  plaeed  elosed  to  the  fasteners  (distanee 
between  the  fasteners  and  the  line  1  is  4  mm).  The  line  #2  is  plaeed  far  from  the  fasteners  to  eompare 
the  results.  The  left  terminal  is  named  “terminal  A”  and  the  right  terminal  is  named  “terminal  B”  in 
the  present  study.  Using  both  terminals,  the  relationship  between  the  loeation  of  the  fastener  and  the 
loeation  of  the  damage  is  experimentally  investigated.  At  the  measurements,  the  other  terminal  is  set 
to  open  end.  To  prevent  speeimen  warping,  L  type  aluminum  stiffeners  of  1750  mm  long  and  30  mm 
wide  are  attaehed  on  the  baek  side. 

Bearing  fraeture  damage  is  made  at  732  mm  (Damage  #1)  and  1162  mm  (Damage  #2)  from  the 
terminal  A.  Bearing  failure  of  a  fastener  hole  of  a  CFRP  plate  is  usually  eaused  by  exeessive  loading, 
fatigue  loading  or  initial  defeets.  It  is,  however,  quite  diffieult  to  make  bearing  failure  at  a  fastener 
hole  edge  for  this  large  speeimen  using  a  normal  material  testing  maehine.  In  the  present  study, 
therefore,  a  drop  weight  type  loading  is  adopted  to  make  a  simulated  bearing  fraeture.  For  the  line  #1, 
the  impaet  energy  of  34.1  J  is  added  to  the  Damage  #1,  and  the  impaet  energy  of  40.3  J  is  added  to  the 
Damage  #2.  For  the  line  #2,  34.1  J  is  added  to  Damage  #1  and  28.0  J  is  added  to  Damage  #2.  The 
impaet  load  is  applied  to  the  direetion  of  the  MSL. 

The  measurements  of  refleeted  pulse  signal  are  performed  in  three  eonditions  as  follows. 

Condition  #0:  intaet  speeimen. 

Condition  #1 :  Damage  #1 

Condition  #2:  Damage  #1  and  Damage  #2 
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Results  and  Discussion: 

Curved  self-sensing 

Figure  6  shows  the  measured  results  of  refleeted  signal  without  damage.  The  abseissa  is  the  time  and 
the  ordinate  is  the  measured  voltage  of  the  refleeted  signal.  The  input  arrow  means  the  position  of  the 
end  of  the  time  zone  affeeted  by  the  input  terminal.  The  end  arrow  means  the  position  of  the  start  of 
the  time  zone  affeeted  by  the  end  terminal.  The  time  zone  between  the  input  arrow  and  the  end  arrow 
is,  therefore,  the  measured  gage  area.  The  eurve  arrow  means  the  loeation  of  the  eurve  that  is 
ealeulated  from  the  time  differenee.  Although  the  radius  of  the  eurved  strip  is  four  times  larger  than 
the  width  of  the  eopper  strip,  the  small  refeetion  is  observed  at  the  start  point  and  the  end  point  of  the 
eurved  eopper  strip.  The  both  refleetion  from  the  start  point  and  the  end  point  of  the  eurved  eopper 
strip  means  that  the  signal  is  refleeted  at  the  soldering  point.  As  there  is  no  signal  refleetion  at  the 
middle  in  the  eurved  point,  it  is  understood  that  the  eleetrieal  resistanee  differenee  between  the  fiber 
direetion  and  the  transverse  direetion  at  the  CFRP  surfaee  does  not  affeet  the  TDR  method.  When  a 
perfeetly  eonneeted  eurved  MSL  is  used,  the  eurved  MSL  is  effeetive  for  damage  deteetion. 


Figure  6  Measured  refleeted  pulse  signal  from  the  eurved  MSL  without  damage. 

Figure  7  shows  the  measured  results  of  the  type  A  damage.  The  abseissa  is  the  time  and  the  ordinate  is 
the  voltage  differenee  between  the  intaet  result  shown  in  Fig.6  and  the  results  with  type  A  damage.  As 
shown  in  Fig.6,  there  are  many  noise  refleeted  signals,  and  the  refleeted  signal  from  the  damage  is  not 
elearly  observed. 


Figure  7  Measured  refleeted  pulse  signal  differenee  from  the  eurved  MSL  with  damage  type  A. 

Figure  8  shows  the  measured  results  of  the  type  B  damage.  At  the  damage  expeeted  point,  the  elear 
refleeted  signal  is  observed  as  shown  in  Fig.  8.  This  indieates  that  the  damage  elosed  to  the  eopper 
strip  line  ean  be  deteeted  by  using  the  self-sensing  eurved  MSL  method. 
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Figure  8  Measured  refleeted  pulse  signal  differenee  from  the  eurved  MSL  with  damage  type  B. 
Impact  damage  test 

Figure  9  shows  the  measured  refleeted  pulse  signal  of  the  first  experiment:  impaet  load  is  applied  on 
the  exaet  line  of  the  MSL  although  the  eopper  mesh  was  removed  when  the  impaet  load  was  applied. 
The  abseissa  is  time  and  the  ordinate  is  the  measured  signal  voltage.  The  dark  solid  eurve  is  the 
refleeted  signal  of  the  intaet  speeimen,  and  the  light  solid  eurve  is  the  refleeted  signal  of  the  speeimen 
after  the  impaet  load  at  the  eenter  of  the  MSL.  In  the  time  segment  from  0  ns  to  7  ns,  the  signal  is  the 
refleeted  from  the  input  terminal  (left  gray  area).  In  the  time  segment  from  20  ns  to  30  ns,  the  signal  is 
the  refleeted  from  the  speeimen  end  (right  gray  area). 


Figure  9  Measured  refleeted  signal  of  the  first  impaet  load  test  eompared  with  the  refleeted  signal  of 
the  intaet  speeimen. 

The  signal  from  7  ns  to  20  ns  shows  the  refleeted  signal  from  the  speeimen  end.  At  approximately  10 
ns,  the  light  eurve  has  refleeted  signal.  This  indieates  that  the  dent  and  fibre  breakages  at  eh  edge  of 
the  dent  ean  be  deteeted  with  the  self-sensing  TDR  method.  From  the  time  differenee  between  the 
peaks  of  the  input  terminal  and  speeimen  end  terminal,  we  ean  ealeulate  the  signal  speed.  Using  the 
ealeulated  speed,  we  ean  ealeulate  the  loeation  of  the  damage  that  shows  refleeted  signal.  The 
estimated  damage  loeation  is  0.58  m.  The  exaet  loeation  of  the  impaet  load  is  0.6  m.  This  means  the 
self-sensing  TDR  gives  exeellent  estimation  of  the  damage  when  the  damage  loeates  under  the  MSL. 

Figure  10  shows  the  measured  the  differenee  from  the  intaet  speeimen.  The  ordinate  is  the  voltage 
differenee.  As  shown  in  Fig.  10,  the  results  of  higher  impaet  energy  of  34.2  J  shows  the  elear  refleeted 
signal  at  approximately  15  ns.  However,  the  results  of  lower  impaet  energy  of  24.5  J  show  no  elear 
refleeted  signal.  When  the  damage  is  apart  from  the  MSL  by  several  mm  (similar  to  the  width  of  the 
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MSL),  the  self-sensing  TDR  method  does  not  deteet  the  damage  apart  from  the  MSL.  The  eurved 
MSL  shown  enables  us  to  deteet  damage  of  wider  area  although  the  spaeing  between  the  MSL  is  blind 
area  for  the  MSL.  This  is  improved  when  the  wider  MSL  is  adopted. 


Time  [i»l 

Figure  10  Differenee  of  refleeted  signal  of  the  seeond  and  the  third  impaet  load  to  that  of  the  intaet 
speeimen. 

Bearing  failure  of fastener  hole 

Figure  11  shows  the  results  of  refleeted  signal  ealeulated  at  the  input  terminal  using  FDTD.  The 
abseissa  shows  the  time  and  the  ordinate  shows  the  voltage.  The  broken  eurve  represents  the  refleeted 
signal  of  the  speeimen  without  fasteners.  As  shown  in  Figure  11,  when  the  fasteners  approaeh  the 
MSL,  the  amplitudes  of  the  refleeted  signals  deerease.  For  example,  the  nearest  ease  of  h=l  mm  has 
only  11  %  of  amplitude  eompared  with  the  amplitude  of  the  refleeted  signal  without  fasteners.  The 
deerease  of  signal  amplitude  is  eaused  by  the  seatter  of  eleetromagnetie  wave  at  the  metallie  fasteners. 
When  h=4  mm,  the  amplitude  of  the  refleeted  signal  is  92  %.  The  results  represents  that  the  /z=4  mm 
is  minimum  requirement  of  distanee  between  the  fasteners  and  the  MSL  of  these  dimensions. 


Time  [us] 


Figure  1 1  Refleeted  signal  of  FDTD  analysis:  effeet  of  distanee  between  the  fasteners  and  the 
miero- strip  line 

Figure  12  shows  the  differenee  of  the  refleeted  signal  between  the  eondition  #0  and  the  eondition  #2 
from  the  terminal  A.  Figure  12  indieates  that  the  self-sensing  TDR  method  deteets  the  bearing  failure 
at  fastener  holes  without  the  effeet  of  fasteners.  Figure  13  shows  the  differenee  of  the  refleeted  signal 
between  the  eondition  #0  and  the  eondition  #w  from  the  terminal  B.  Comparing  with  the  Figure  12, 
both  damages  ean  be  monitored  without  the  dependenee  on  the  order  of  damages.  The  results  indieates 
that  the  self-sensing  TDR  method  is  applieable  for  the  bearing  failure  monitoring  without  eonsidering 
pass  of  the  MSL. 
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Figure  12  Reflected  signal  difference  from  the  condition  #0  of  the  results  of  the  condition  #2  from  the 
terminal  A. 


Figure  13  Reflected  signal  difference  from  the  condition  #0  of  the  results  of  the  condition  #2  from  the 
terminal  B. 

Using  the  measured  signal  velocity  and  the  time  difference  of  the  reflected  signal,  damage  location 
can  be  identified.  The  estimation  error  was  within  7  %  for  all  cases.  These  results  indicates  that  the 
fasteners  have  no  effect  on  the  identification  of  bearing  failure  of  fastener  holes  when  the  distance  h 
(distance  from  the  metallic  fastener  to  the  MSL)  is  set  to  4  mm  for  self-sensing  TDR  method. 

The  self-sensing  TDR  with  MSL  is  applicable  for  any  kinds  of  electric  conductive  structures  such  as 
aluminum  alloy,  titanium  alloy  and  steel.  When  the  self-sensing  TDR  is  applied  to  the  metallic 
materials,  the  method  detects  fatigue  cracks  in  the  entire  structure.  As  the  fatigue  crack  causes  the 
impedance  change,  the  fatigue  crack  is  surely  detected  by  this  method.  Using  the  curved  self-sensing 
TDR,  the  method  can  be  applied  to  wide  area  of  the  structures.  This  indicates  the  method  can  be 
applied  to  conventional  aircraft  made  from  aluminum  alloy  at  low  cost.  In  addition,  the  method  can  be 
applied  to  ships  or  bridges  to  detect  damages  or  fatigue  cracks  as  well  as  CFRP  composite  structures. 
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